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[57] ABSTRACT

A three-axis accelerometer (4) mounted on board a

spacecraft (10) proximate a fuel tank (3) 1s used to de-
rive an estimate of the amount of fuel (2) remaining
within the tank (3). The output of the accelerometer (4)
is converted (at 7) to a signal representing the rate of
change of the polarity of the acceleration; amplitude
information is ignored. This signal is then filtered by
bandpass filter (8) or Fourier transform means and ap-
plied against an empirically derived function (stored
within storage medium 9) relating frequency of oscilla-
tion to fuel (2) remaining in the tank (3). The function is
stored for three axes; information from one axis is ac-
cessed, corresponding to the vector of a perturbing
force such as caused by a thruster (11) firing. Some or
all of the above described items can be located on board
the spacecraft (10) itself. The accelerometer (4) can also
be used directly to estimate the force imparted by the
thruster, from the expression F=MA.. This force 1s then
related, by empirical data, to amount of fuel used during

thruster (11) firing, which, when subtracted from an

initial amount of fuel (2), provides a second check on
the amount of fuel (2) remaining in the tank (3). ‘

7 Claims, 3 Drawing Sheets
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1
SPACECRAFT FUEL MEASUREMENT

TECHNICAL FIELD

This invention pertains to the field of measuring the
liquid fuel remaining in a tank on board a spacecratt.

BACKGROUND ART

U.S. Pat. No. 3,389,602 discloses a spacecraft fuel

gauglng system using capacitive, sound, or radiation
probes in conjunction with capillary baffles within a
fuel tank in a zero gravity environment to measure the
fuel remaining in the tank. In all cases, the probes are in
contact with the fuel, and sense wires must be brought
out through the fuel tank pressure wall to connect with
external instrumentation.

In the present invention, on the other hand, no sensor
is in contact with the fuel. Since the sensor 4 is external
to the fuel tank 3, no penetration of the pressure vessel
3 is required. Capillary baffles may or may not be pres-
ent within the tank 3. Adding the present invention to
an existing system does not require any changes in the
fuel tank 3 or spacecraft propulsion system which uses
the fuel 2 contained therein.

U.S. Pat. No. 4,531,405 discloses a method for mea-
suring the level of radioactive fuel within a container,
wherein a tube is inserted into the container. The fuel is
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made to oscillate by applying pressure via the tube. The |

frequency of oscillation is measured by a pressure detec-
tor and an accompanying computer, which converts
this information to volume of fuel in the tank. The tube
is required as part of the sensing system.

In the present invention, on the other hand, there s
no tube or any other device in contact with the liquid
fuel 2 within the fuel tank 3. The fuel 2 sloshes when a
spacecraft thruster 11 is fired. Accelerations caused by
the sloshing fuel 2 are detected by an accelerometer 4
and converted to frequency of oscillations.

U.S. Pat. No. 4,591,117 discloses a system to counter-
act the nutation of a spin stabilized spacecraft. Said
nutation can be caused in part by fuel slosh. An acceler-
ometer is used to measure the nutation on the satellite.
However, the accelerometer is not used t0 measure
frequency of oscillation of the fuel within the tank as in
the present invention.
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In other prior art techniques, the fuel remaining iIna

spacecraft fuel tank is calculated by counting thruster
firings, and by using ground-derived data estimating the
fuel that is used for each firing.

DISCLOSURE OF INVENTION

The present invention is a method and apparatus for
determining the amount of liquid fuel (2) within a fuel
tank (3) on board a spacecraft (10). An accelerometer
(4) is mounted proximate the tank (3). The liquid fuel (2)
sloshes within the tank (3) in response to a thruster (11)
firing or another perturbation acting on the spacecraft
(10). Accelerations caused by the sloshing fuel (2) are
measured by the accelerometer (4), and are converted
(by 7) into a frequency of oscillation. The actual amount
of fuel (2) remaining with the tank (3) is then estimated
(by 7) by comparing the measured frequency of oscilla-
tion with empirical data (from 9) linking this frequency
- of oscillation with amount of remaining fuel (2).

BRIEF DESCRIPTION OF THE DRAWINGS

These and other more detailed and specific objects
and features of the present invention are more fully
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disclosed in the following specification, reference being
had to the accompanying drawings, in which:

FIG. 1 is a partially schematic, partially block, dia-
gram of a first embodiment of the present invention;

FIG. 2 is partially schematic, partially block, diagram
of a second embodiment of the present invention; and

FIG. 3 is an . example of an empirically generated
curve linking frequency of oscillation of sloshing fuel 2
with amount of fuel 2 remaining in the tank 3.

BEST MODE FOR CARRYING OUT THE
INVENTION

It is often desirable to have an accurate estimate of
the amount of liquid fuel 2 remaining in a fuel tank 3 on
board a spacecraft 10. For example, in the case where
spacecraft 10 is a satellite in the geosynchronous arc,
the satellite needs to be moved out of its geosynchro-
nous position before being decommissioned. The useful
life of the satellite 10 can be increased if the amount of
fuel 2 remaining in the tank 3 is known. Special tech-
nlques must be employed to measure the amount of
remaining fuel 2, in view of the zero gravity environ-
ment. The present invention improves the estimation of
the amount of remaining fuel 2 compared with the prior
art.

The liquid fuel 2 (or fuel from other sources) is used
to activate thrusters 11 which are positioned about the
periphery of the spacecraft 10. The thrusters 11 accom-
plish such tasks as desaturating momentum wheels (in
the case of three-axis stabilized satellites 10) and per-
forming change in velocity maneuvers such as those
associated with stationkeeping (for both three-axis and
spin-stabilized satellites 10). |

The thrusters 11 are typically aligned along each of
three orthogonal axes X, Y, Z on the outside periphery
of the spacecraft 10. When one of the thrusters 11 is
fired for any purpose, the spacecraft 10 moves along the
corresponding axis. This movement causes the liquid
fuel 2 to slosh within tank 3.

A first embodiment of the invention, in which the
remaining fuel 2 is estimated at a remote location, such
as a telecommunications station situated on the earth, is
illustrated in FIG. 1. A (preferably three-axis) acceler-
ometer 4 is mounted on the outer surface of the fuel tank
3, or on a proximate surface, typically a tank support
bracket 1 for reasons of proximity to the sloshing fuel 2
and convenience. Since the accelerometer 4 does not
come into contact with the fuel 2, fuel/sensor incompat-

“ibility and interference with fuel flow are eliminated.

Accelerometer 4 produces an output signal (typically
an analog signal) which is proportional to the accelera-
tion experienced by the accelerometer 4 in each of three .
orthogonal axes. For purposes of convenience, the
three axes of the accelerometer 4 should be aligned with
the three thruster line-of-force axes X, Y, Z. The output
signal is provoked by firing one of the thrusters 11. Thus
produces vibrations along the corresponding axis. Data
for the other two axes is ignored. Amplitude of acceler-
ation can also be ignored, even for the provoked axis, as
long as the noise threshold is exceeded. This is because
the frequency of oscillation is linked to the amount of
remaining fuel 2 by a second order differential equation,
while the amplitude of the oscillations is strongly de-
pendent upon the amplitude of the provoking force but
only weakly dependent upon the amount of remaining
fuel 2. |
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In the FIG. 1 embodiment, the accelerometer 4 out-
put signal passes through telemetry transmitting system
5 and is then sent to a remote location such as an earth
station. Telemetry transmitting system 5 processes the
accelerometer 4 output signal into a format that is com-
patible with other telemetry information being sent by
the spacecraft 10. Telemetry transmitting system 5 also
comprises a transmitter and an antenna.

The telemetered information is received at the remote
location by receiving equipment 6, which typically
comprises an antenna and a receiver including a demod-
ulator. The demodulated signal continues to contain
information for each of the three orthogonal axes X, Y,
Z.

This signal is then passed through computer 7, which
determines, for each axis, the rate of change of the
direction (polarity) of the acceleration. This can be
done, for example, by detecting and clocking the zero
~ crossings of the analog signal from the accelerometer 4.
This intermediate signal within computer 7 is thus an
analog or digital signal which resembles an alternating
current signal, the frequency corresponding to the fre-
quency of oscillations of the fuel 2 sloshing within the
tank 3.

There are some unwanted components to this inter-
mediate signal; hence, it is filtered by bandpass filter 8,
or by Fourier analysis means contained within com-
puter 7 itself. The nature of the unwanted components is
dependent upon the type of spacecraft 10. For a three-
axis spacecraft 10, there are unwanted components asso-
ciated with the vibration of the spacecraft structure that
are higher in frequency than for the sloshing fuel 2, and
there are unwanted components associated with the
vibration of the solar panels that are lower in frequency
than for the sloshing fuel 2. For a spin-stabilized space-
craft 10, the unwanted components associated with the
spacecraft structure, including any solar panels, tend to
be higher in frequency than for the frequency of oscilla-
tion of the sloshing fuel 2. |

FIG. 3 illustrates an exemplary empirically derived
curve linking frequency of oscillation of the sloshing
fuel 2 with the amount of remaining fuel 2 in the tank 3.
Curves such as these are empirically derived for each of
the three orthogonal axes by vibrating the spacecraft 10
on the ground before launch. The actual frequency of
oscillation is a function of tank 3 geometry, viscosity of
the fuel 2, and pressure in the tank 3.

Not all of the detected frequencies of oscillation are
usable, because they may overlap with some of the
unwanted components discussed previously. Thus, the
usable bandwidth is a subset of the total range of fre-
quencies of oscillation, as depicted in FIG. 3. This us-
able bandwidth- is then used to select the upper and
lower frequency limits for bandpass filter 8, or the pa-
rameters of the Fourier analysis means.

The functional relationship depicted in FIG. 3 is
stored in a storage medium 9. For example, the informa-
tion may be digitized and stored in a digital read only
memory in the form of a lookup table.

- The filtered signal for the provoked axis is then ap-
plied by computer 7 against the information contained
in storage medium 9. If this information is in the form of
a digital lookup table, the filtered signal is first passed
through an analog to digital converter. The result is the
estimate of fuel 2 remaining in the tank 3.

- Data from accelerometer 4 can be used in a second
method to estimate the amount of remaining fuel 2. In
this method, the force imparted by the thruster is esti-
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- mated from the equation: force=mass X acceleration.

The mass is initially measured on the ground before
spacecraft 10 launch, and then adjusted based on the
amount of fuel consumed by previous thruster 11 fir-
ings. The amount of fuel 2 used during the thrusting
operation is then calculated based upon empirical
ground experiments linking thruster force with fuel
consumed. Accumulating these estimates of fuel con-
sumed from all thruster operations and subtracting from
the initial amount of fuel 2 in the tank 3 yields a second
estimate of remaining fuel 2.

FIG. 2 illustrates an alternative embodiment of the
present invention in which the output signal from the.
accelerometer 4 is first passed through computer 7 on
board the spacecraft 10 to arrive at the frequency of
oscillation signal, which is then passed through band-
pass filter 8 or Fourier analysis means within computer
7 itself as before and applied against the empirically
derived function stored within storage medium 9. In
this embodiment, items 7, 8, and 9 are all aboard space- -

~ craft 10. The estimate of remaining fuel 2 is then sent by
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computer 7 to telemetry transmitting system 5, which
telemeters it to a remote location. |

The above description is included to illustrate the
operation of the preferred embodiments and 1s not
meant to limit the scope of the invention. The scope of
the invention is to be limited only by the following
claims. From the above discussion, many variations will
be apparent to one skilled in the art that would yet be
encompassed by the spirit and scope of the invention.
For example, the invention can be used to measure the
volume of other types of liquids in tanks on board space-
craft, such as water in a tank on a manned spacecraft.

What is claimed is:

1. Apparatus for determining the amount of liquid
fuel remaining in a partially empty fuel tank on board a
spacecraft, comprising: |

on board the spacecraft proximate the tank, an accel-

erometer which generates an output signal propor-
tional to measured accelerations along each of
three orthogonal axes;

coupled to said accelerometer, means for converting

said output signal into an oscillation frequency
signal which indicates, for each of the three axes,
the frequency at which the polarity of the accelera-
tion changes, said oscillation frequency signal
being proportional to the frequency of oscillation
of the sloshing fuel for each of the three axes; and
coupled to said converting means, storage means
containing, for each of said three axes, empirically
determined values of frequency of oscillation of the
sloshing fuel as a function of fuel remaining in the
" tank; wherein |

applying the oscillation frequency signal to the stor-

age means yields an estimate of the remaining fuel.

2. The apparatus of claim 1 further comprising, cou-
pled to the converting means, filter means for filtering
out oscillation frequencies not associated with fuel
sloshing within the tank.

3. The apparatus of claim 2 wherein the frequency
range of the filter means is selected so as not to overlap
with unwanted frequencies that are associated with
oscillations of structural spacecraft members.

4. The apparatus of claim 1 wherein the output signal
of the accelerometer is telemetered from the spacecraft
to a remote location; and the converting means and the
storage means are situated at the remote location.
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5. The apparatus of claim 1 wherein the converting
means and the storage means are situated on board the
spacecraft, and the estimate of the remaining fuel is
telemetered from the spacecraft to a remote location.
6. The apparatus of claim 1 further comprising, on
board the spacecraft, at least one thruster aligned along
each of the three accelerometer axes, wherein:
one of said thrusters is fired to produce a disturbance
force along the corresponding axis; and

acceleration information from said corresponding
axis is used to access the storage means, while ac-
celeration information from the other two axes 1s
ignored.

7. A method for determining the amount of liquid fuel
remaining in a fuel tank on board a spacecraft, wherein
an accelerometer having at least one axis has been
mounted on board the spacecraft proximate the fuel
tank, said method comprising the steps of:
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6

empirically generating on earth a set of retrievable
data which converts frequency of oscillation of fuel
sloshing within the tank to amount of fuel remain-
ing within the tank; |

after the spacecraft has been launched, imparting a
force along an axis of the accelerometer;

in response to said force, obtaining from the acceler-
ometer an output signal proportional to the instan-
taneous acceleration along said axis;

converting said output signal into an oscillation fre-
quency signal indicating the rate of change of the
direction of the instantaneous acceleration along
said axis, said oscillation frequency signal being
proportional to the frequency of oscillation of the
sloshing fuel; and

applyig said oscillation frequency signal to a storage

medium which contains said set of retrievable data.
p - »* - *
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